Nearly twenty years ago, following a sixty year struggle, scientists succeeded in correcting the bane of electron lenses, spherical aberration, using electromagnetic aberration correction. However, such correctors necessitate re-engineering of the electron column, additional space, a power supply, water cooling, and other requirements. Here, we show how modern nanofabrication techniques can be used to surpass the resolution of an uncorrected scanning transmission electron microscope more simply by sculpting a foil of material into a refractive corrector that negates spherical aberration. This corrector can be fabricated at low cost using a simple process and installed on existing electron microscopes without changing their hardware, thereby providing an immediate upgrade to spatial resolution. Using our corrector, we reveal features of Si and Cu samples that cannot be resolved in the uncorrected microscope.
Spherical aberration correction in a scanning transmission electron microscope using a sculpted foil Nearly twenty years ago, following a sixty year struggle, scientists succeeded in correcting the bane of electron lenses, spherical aberration, using electromagnetic aberration correction. However, such correctors necessitate re-engineering of the electron column, additional space, a power supply, water cooling, and other requirements. Here, we show how modern nanofabrication techniques can be used to surpass the resolution of an uncorrected scanning transmission electron microscope more simply by sculpting a foil of material into a refractive corrector that negates spherical aberration. This corrector can be fabricated at low cost using a simple process and installed on existing electron microscopes without changing their hardware, thereby providing an immediate upgrade to spatial resolution. Using our corrector, we reveal features of Si and Cu samples that cannot be resolved in the uncorrected microscope.
Electron microscopy has been revolutionised by the introduction of aberration correction, which has allowed a vast range of new scientific questions to be addressed at the atomic scale. Although the first electron microscope was built 85 years ago [1] , its rotationally-symmetric, static, charge-free lenses are fundamentally incapable of correcting the dominant spherical aberration [2] . Two decades ago, Haider et al. [3, 4] and Krivanek et al. [5, 6] succeeded in experimentally correcting spherical aberration using electromagnetic image (objective lens) and probe (condenser lens) correctors, respectively. For the first time, researchers could obtain directly interpretable images of single atoms in both a transmission electron microscope (TEM) and a scanning TEM (STEM). With the advent of high-brightness electron guns, the improved ability to overcome noise and to resolve features in STEM images has resulted in a multitude of new applications of electron microscopy [7] . However, electromagnetic multipole aberration correctors necessitate major changes to electron column, additional space, power supplies, water cooling, and other requirements. As a result, the only practical way to improve the resolution of an uncorrected electron microscope is to replace it, at considerable cost, by a new, aberration corrected microscope. An alternative approach to improve contrast by using a phase-shifting foil was proposed as early as 1947 by Boersch [8] . Despite repeated attempts to fabricate foils of varying thickness as refractive lenses [9] [10] [11] , these could not be fabricated with sufficient quality to provide viable solutions for the correction of spherical aberration. Here, 70 years later, we describe how the primary spherical aberration of the probe-forming optics in a STEM can now be corrected by using modern nanofabrication techniques to create a simple foil-based phase mask from a silicon nitride membrane [12] [13] [14] , in which nm-sized variations are machined precisely using focused ion beam (FIB) milling at a tiny fraction of the complexity of an electromagnetic corrector. Fig. 1 shows a schematic diagram of our solution, which involves passing the electron beam in a STEM through a foil of varying thickness. In an uncorrected electron microscope (Fig. 1a) , the electron beam is affected by spherical aberration when it passes through the probe-forming electromagnetic lenses and limiting aperture (in our case, the Condenser 2 aperture in an FEI microscope). We replace this platinum aperture with a compact foil corrector (Fig. 1b) , which introduces spherical aberration of the opposite sign, in order to form a spherical aberration corrected probe in the sample plane. To test the performance of our foil corrector, we recorded high-angle annular dark-field (HAADF) STEM images of crystalline Si in a <110> orientation both before (Fig. 1c) and after ( Fig. 1d) inserting the foil corrector. The improvement in resolution is clearly visible in both real space and Fourier space, allowing 136-pmseparated dumbbells to be resolved. Fig. 1g shows the limited extent of the uncorrected spatial frequencies, in striking contrast to the corrected measurement in Fig. 1h , a result which was stable and reproducible. The images shown in Fig. 1 were post-processed using a non-linear denoising algorithm [15] . The Supplementary Material contains the raw images, as well as results recorded from an additional sample that demonstrated 128 pm resolution. Line profiles in Fig. 1e and Fig. 1f show the raw data in black and the denoised intensity in pink. where is the semi-angle of the beam with respect to the optical axis, is the numerical aperture, is the convergence semi-angle, is the spherical aberration coefficient, and is the electron wavelength. We define a phase shift as one cycle, abbreviated " ", and characterize the maximal phase difference introduced by the aberrated phase using the figure of merit "peak-tovalley" [16] , which is calculated to be cycles. For a non-magnetic material, the electron beam accumulates a phase shift that depends on the foil thickness according to the expression , 2
where is the mean inner potential of the foil and is a constant that depends on the electron energy. In order to negate spherical aberration, the thickness profile of the foil must satisfy the relation . If is defined to be the required thickness for a phase shift of one cycle, then the thickness profile of the foil corrector is given by the expression , 3
where is the radius of the phase corrector's limiting aperture, or aperture stop, i.e., the radius that defines the numerical aperture of the probe-forming optics. A small fraction of the foil thickness supports the structure mechanically and remains unprocessed. We fabricated our spherical aberration foil corrector using FIB milling and installed it in the Condenser 2 aperture position in a 300 kV ( = 1.97 pm) FEI Titan microscope [17] , in which the uncorrected spherical aberration coefficient of the probeforming lenses is known to be 2.7 mm. This microscope is equipped with a CEOS post-specimen spherical aberration corrector. However, it cannot correct the pre-specimen illumination optics (the probe-forming optics) and therefore has no advantageous effect on STEM measurements.
The spherical aberration in a STEM probe can be inferred from an electron Ronchigram [18] , which involves recording the diffraction pattern of a stationary probe that is focused on the sample, in our case an amorphous C film. Analysis of this image reveals information about the numerical aperture of the probe and its aberrations -in particular, spherical aberration [19] , which can be recognized by radii and azimuths of infinite magnification. The latter feature is evident in a Ronchigram recorded using our uncorrected microscope (Fig. 2a) , which corresponds to the HAADF-STEM measurement shown in Fig. 1c . A focused aberration-free probe produces a Ronchigram that takes the form of a flat, nearlyuniformly-illuminated disc and is associated with a nearly-constant phase distribution, similar to the image shown in Fig. 2b , which was recorded using our foil corrector. According to a calculation by Scherzer [20] , the numerical aperture for optimal resolution is ≈7.34 mrad, which is close to the value of 7.46 mrad used in our experiment. Our corrector, in its present form, is designed to correct spherical aberration at and up to a numerical aperture of ≈12 mrad, as seen in Fig. 2b . The Supplementary Material contains further details, as well as a focal series of corrected Ronchigrams. (Fig. 2g ), which show a decrease of more than 30% in probe diameter. In order to image such a probe, the microscope should be aberration-free between the sample plane and the detector. In the present study, the post-specimen CEOS corrector can correct monochromatic image aberrations up to . Therefore, our direct probe measurements are expected to be only slightly smeared due to chromatic aberration of the objective lens. We also used the measured probes to simulate STEM images of two points that are separated by 136 pm, representing Si dumbbells, confirming the formation of irresolvable and resolvable images in Fig. 2e and Fig. 2f , respectively.
One of the primary challenges in this concept is that of scattering by the material-based corrector, which is manifested in the Ronchigram in Fig. 2b as a faint amplitude modulation, a result of the annulus thickness variation of the corrector (see also Fig. S1a) . This is the only mechanism that affects otherwise 100%-efficient intensity transfer to the corrected probe. We used electron energy-loss spectroscopy (EELS) to determine [21] the inelastic mean free path in silicon nitride at 300 kV to be ≈170 nm, with an energy distribution exhibiting typical losses of 10 eV-50 eV. The angular distribution of inelastic scattering leaving the corrector has an axially sharp peak and a wide tail that reaches far beyond 50 mrad, resulting in a noisy background and a loss of contrast in the STEM image. Whereas the intensity in the sharp peak is only appreciable for angles that are much smaller than the characteristic angle for elastic scattering [22] , the spatial distribution in the sample plane in proximity to the probe is negligible, since the typical transverse distance of scattered electrons is several orders of magnitude larger than the diameter of the probe, where is the equivalent probe-forming optics' focal length. Since most contrast degradation is due to the large-area inelastic tail, it could in principle be cut off by mounting a small aperture on the sample itself, or by designing the probe-forming optics with another aperture at the position of a crossover before the sample. The inelastic scattering could also be mitigated and the STEM image contrast improved by using a thinner or fractured (modulo-) design [13] , as discussed in the Supplementary Material.
Foil-based correctors of the present design are advantageous in that fabrication is independent of the intended accelerating voltage and that there is no strict tolerance on the profile thickness. A change in these parameters will only result in a shift of the operating numerical aperture of the corrector and the strength of correction. The corrector will then negate the spherical aberration for the new numerical aperture value. A further advantage of our corrector is that it corrects the electron probe on-axis, requiring practically no change in the standard measurement procedure. . (e, f) Simulation of 136-pmseparated points for (e) the uncorrected and (f) the corrected probe measurements. Only the corrected probe is able to resolve the test object. (g) Cross-sectional profiles across the uncorrected and corrected probes in blue and purple, respectively, averaged over a distance of 60 pm. The maximum intensities of the profiles were normalized to unity so that the diameters can be compared.
A different approach for shaping electron beams could involve an off-axis scheme based on computergenerated holography [23, 24] and on the use of binary masks, which can also be used to introduce or negate aberrations. However, phase manipulation is then performed using the first diffraction order, which limits the theoretically accessible intensity to 10% and 40% for binary amplitude masks and phase structures, respectively. All other diffraction orders must then be filtered out from reaching the sample plane, meaning that the installation and operation of such a corrector would require additional optical elements and protocols for STEM imaging, which may not be readily reproducible by the average user [25] and have yet to be demonstrated. Furthermore, the efficiency figures would be diminished by ≈80% due to unavoidable inelastic scattering, reducing the usable intensity and current in the corrected probe. The fabrication of non-binary structures such as blazed gratings is still difficult to implement for truly efficient phase correction [26] .
In conclusion, we have shown how the spherical aberration of an electron probe in a STEM can be corrected using a thin membrane of variable thickness, which acts as a foil corrector, providing higher spatial resolution. Our foil corrector can be fabricated in-house and implemented in an existing uncorrected electron microscope without changing the normal operating procedure. Other weaklyscattering materials [27] , as well as thinner or fractured (modulo-) designs and spatial filtering at the sample plane, can be used to further reduce the effect of inelastically scattered electrons and to improve STEM image contrast. The concept can be extended to correction of additional aberrations by appropriately designing the thickness profile. Also, while the concept presented here is related to probe correction, a similar approach can in principle also be applied to TEM imaging.
Supplementary Material
1. Spherical phase corrector design 2. Raw data and additional 128 pm measurements 3. Ronchigram evaluation by focal series 4. Detailed corrector fabrication
Spherical phase corrector design
We previously investigated fractured (modulo-) designs of phase masks [13] . In the present case shown in Fig. S1a , we fabricated continuous, non-fractured refractive foil elements, and restricted ourselves to a maximum thickness of . The primary advantages of this approach are the elimination of fabrication difficulties associated with sharp edges (see discussion in [13] ), and more relaxed restrictions on the choice of accelerating voltage. Based on Eq. 3, the maximal peak-to-valley height is , i.e., up to of aberrations can be corrected. Although a thicker design would allow stronger correction, it would also result in increased electron scattering and therefore a lower current in the corrected probe. This drawback could be compensated by enlarging the diameter of the corrector or by using a different material [27] . A thinner design would reduce scattering and increase contrast, but would provide less correction. For the present microscope parameters, assuming that the thickness limit can be fully exploited, we use the peak-to-valley formula given previously, , and find that the numerical aperture (NA) for optimal correction is NA=12.4 mrad. The intensity crosssection measurement in Fig. S1b is approximately proportional to the thickness of the membrane, and fits well (dashed red line) to a fourth degree polynomial with , as supported by residuals (green line).
Considering only diffraction, chromatic, and spherical aberration, the diameter of the probe is plotted as a function of NA in Fig. S1c . Each diameter is estimated using the 50% current-enclosed criterion, and the different diameters are then combined using a root power sum method [28] , as follows. Diffraction broadens the probe for lower values of NA according to the expression . For larger values of NA, spherical aberration dominates with a cubic dependence as , while the contribution from chromatic aberration varies linearly as . As an estimate, we take , and (as measured in a separate EELS experiment). The combined probe diameter is deduced from the expression . Broadening due to spatial incoherence is included in the term , and is negligible in our experiment as a result of the use of spot size 9 (corresponding to a large demagnification of the source). The results in the design diagram Fig. S1c show an expected optimum (marked "o") for an uncorrected probe at 6.4 mrad with a diameter of 180 pm. The corresponding value for a corrected probe is 12.4 mrad with a diameter of 91 pm (marked "x"). Given that the radius of the corrector is fixed, the contribution for the corrector (dashed, triangular-like purple line) is given by calculating the compensated, effective value of for each value of NA:
, where is given by the peak-to-valley formula, and recalculation of . It is important to note that these estimations are guidelines for the design of the corrector, and that rigorous modeling of the probe would require a complete waveoptical numerical simulation. These considerations, as well as possible deviations from the expected values of and , an incorrect overall thickness value in the fabrication step, or the use of the corrector at a different accelerating voltage, would only result in a change in the operating numerical aperture. Experimentally, we found an optimum value of NA=7.46 mrad for the uncorrected microscope, and NA=12.1 mrad for the corrected microscope. The geometric diameter of a probe plotted as a function of the numerical aperture of the probe-forming optics. Diffraction (green) is inversely-proportional to the diameter of the probe, spherical aberration (red) has a cubic dependence, while chromatic aberration (gray) has a linear dependence. The combined effect is calculated as the root power sum (blue line), resulting in an optimum value marked "o" (6.4 mrad / 180 pm). When using the corrector (dashed purple), the optimum value is estimated to be at the point marked "x" (12.4 mrad / 91 pm).
HAADF-STEM imaging: Raw data and additional 128 pm measurements
HAADF-STEM images of Si {110}, which are shown in Fig. S2 , were recorded at 300 keV both with (left column) and without (right column) using the foil corrector. The inner and outer detection angles of the HAADF detector were 50 mrad and 200 mrad, respectively. All of the images are single scans rather than multi-frame averages. A nonlinear filtering algorithm [15] was applied to the raw images both with (Fig.  S2a) and without (Fig. S2f) the foil corrector. The same filtering parameters were used in each case to enhance the contrast of the images. Filtered images, which correspond to Fig. 1d and Fig. 1c in the main text, are shown in Fig. S2c and Fig. S2h, respectively . We justify the use of the noise-filtering algorithm in two ways: first, there is no apparent feature in the noise images (Fig. S2e and Fig. S2j) , which are subtractions between raw data and filtered data. The filtered data is therefore only random background noise, rather than the addition or subtraction of periodic features. Second, the characteristic spatial frequency, , corresponding to the dumbbell separation, can be clearly seen in the Fourier transform power spectra of both the unfiltered (Fig. S2b) and the filtered (Fig. S2d) aberration-corrected images. Without correction, the highest spatial frequencies that are reached in either unfiltered (Fig.  S2g) or filtered (Fig. S2i) images are also the same, but are reduced to . The resolvable dips between dumbbell peaks in the cross-section profile shown in Fig. 1f in the main text, together with the aforementioned extension in spatial frequency, confirm that the separation of 136 pm dumbbells has been realized using the foil corrector. We note that sub-Angstrom resolution appears to be implied by the presence of a (4-40) spot in Fig. S2d , which, however, is not present in Fig. S2b . A cause could be a nonlinear effect related to the experimental black level, which is discussed comprehensively in [29] . Fig. S4 shows a focal series of Ronchigrams collected at NA=12.1 mrad, using the foil corrector, from an amorphous C film. At larger defoci (>30 nm), an obvious shadow image is visible in the Ronchigrams, while the image near focus shows infinite magnification and looks smooth and featureless, providing strong evidence for aberration correction up to 12 mrad, which matches our design well. The center is always darker as a result of the thickness modulation. Figure S4 : Through-focus series of Ronchigrams recorded from an amorphous C film using the foil corrector. The numerical aperture and cut-off frequency used here is 12.1 mrad.
Ronchigram evaluation using through-focus series

Detailed corrector fabrication
Our material of choice for the refractive foil corrector is presently a commercially available 200 nm-thick silicon nitride film, which is based on a 200-m-thick Si substrate. We use silicon nitride because it has a good trade-off between scattering, phase-shifting, and mechanical robustness. The window size must be at least twice to three times as large as the corrector diameter, so that electrostatic fields do not develop on the sharp corners of the selectively-etched substrate walls, resulting in high-order aberrations. For a 50-m-diameter corrector, a commercial 100 m-250 m window should then suffice. The membrane is coated on both sides with an adhesive 2 nm of Cr and a thick layer of 150 nm of Au. The purpose of this layer is to reduce excess charge build-up by enhancing conductivity, but, more importantly, to strongly scatter incident electrons, and in principle to act as a strong (opaque) amplitude mask [14] , or diaphragm, since beyond the corrector's radius the beam retains its high spherical aberration. A round diaphragm, which should be marginally larger than the diameter of the corrector for ease of alignment, is therefore pre-patterned on one side of the membrane using lithography techniques or later removed using FIB milling. On the opposite side, the corrector itself is milled directly through the Au layer, which is easily and completely removed owing to the much higher sputtering rate of Au (compared to silicon nitride). The beam dwell-time during FIB milling translates to depth in an approximately linear manner, although an accurate calibration could be employed, resulting in a surface profile that is defined according to Eq. 3. In our experiments, milling was performed using a Raith IonLine Gallium FIB operated at 35 kV with an 800 pA beam current. As a final step, we coated the membrane with 10 nm of Cr on the flat side for good measure, since bare silicon nitride is insulating.
A commercial-standard 3 mm Si chip includes 9 square windows, each measuring 110 m along its edge, meaning that 9 different correctors are available on each chip. In the first stage of our experiments, we noticed a dominant four-fold astigmatism aberration. We hypothesized that the cause of this higherorder aberration was the shape of the window-side of the membrane: that, regardless of the Au layer, the four sharp corners of the Si frame, coupled with the intense electron irradiation, produce electrostatic fields. These fields are thought to symmetrically deflect the probe-forming electrons that pass close to the edges of the window, such that they induce four-fold astigmatism. We corroborated our hypothesis using simulations. A full account of this issue will be published in the future.
An effective solution to this issue is to simply use a commercial Si chip with a larger window that is at least 2-3 times larger than the diameter of the corrector, as previously stated. However, since we installed our corrector on the Condenser 2 aperture holder -a day-long process, due to time constraints, we preferred having a similar 9-window chip but with larger windows, thus experimenting with nine correctors per chip rather than one. To this end, we used a photolithography process to create our own chips with 9 window membranes, but with a larger window area. We began with a 250 m Si wafer coated with 200 nm low-pressure chemical vapor-deposited silicon nitride. Using photolithography, we defined apertures on one ("flat") side, coated with Cr and Au and performed lift-off, then defined the windows on the other ("window") side. The wafer was then initially etched through ≈230 m of its thickness using a deep-reactive ion-etching machine. The process was completed by a couple of hours of KOH etching. The membranes were then coated from the window side with a Cr-Au layer, and the corrector was fabricated using FIB milling, as explained above. We produced both 50 m-diameter and 100 m-diameter correctors in this way; the differences between a commercial membrane (≈110 m edge, Fig. S5a 
